All of the mammalian ribosomal protein (rp) genes examined to date initiate transcription with high precision despite the fact that they do not contain a well-defined TATA box. The initiation sites are situated within polypyrimidine tracts that are flanked by both upstream and intragenic promoter elements. In the TATA-box region of each rp promoter, there is a functionally critical element with nuclear factor binding specificity that is distinct from that of a conventional TATA box. To understand how the various elements contribute to rp promoter function, we have used site-specific mutagenesis-transfection protocols and factor binding analyses to evaluate the significance of the polypyrimidine initiator and the TATA-box counterpart for efficient and accurate transcription of the rpS16 gene. Our results indicate (i) that the polypyrimidine initiator sequence critically defines the position of the transcriptional start site, whereas a much less specific sequence is sufficient to satisfy the efficiency requirement; (it) that an uninterrupted stretch of pyrimidines in the initiator region is not necessary for efficient transcription of rpS16 gene; and (ii) that the TATA-box counterpart or even a substituted conventional TATA box primarily influences promoter efficiency. The great diversity of promoter design, which is becoming evident as more RNA polymerase II promoters are being carefully dissected, suggests that the requirements for building a functional initiation complex may be much more flexible than was previously appreciated.
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Promoters perform two major functions for genes transcribed by RNA polymerase II. They define the site oftranscriptional initiation (cap site) and help determine the efficiency of polymerase loading at that site. These functions are attributed to an array of cis-acting elements, which serve as binding sites for protein factors that help the polymerase to form a transcriptional initiation complex (1) . In higher eukaryotes, the promoter core usually contains a TATA box or some functional counterpart, located [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] base pairs (bp) upstream of the cap site, and an initiator element, which encompasses the cap site. The relative importance of these two elements for proper promoter function seems to vary widely among different promoters. Among genes that initiate transcription at one or a few closely clustered sites, there are examples such as the herpesvirus thymidine kinase promoter and the P-globin promoter, in which TATA-box interactions are apparently more critical than initiator interactions (2, 3) , examples such as the adenovirus major late promoter and the fibroin promoter, which appear to require both TATA-box and initiator interactions (4, 5) , and examples such as the simian virus 40 late promoter and the terminal deoxynucleotidyltransferase promoters, which lack discernible TATA elements and depend heavily on initiator interactions (6, 7) .
Many other TATA-box-lacking genes exhibit imprecise initiation (8) ; conceivably, such genes lack effective initiator elements.
The promoters of mammalian ribosomal protein (rp) genes initiate transcription with high precision despite the fact that they do not contain well-defined TATA boxes (ref. 9 and references therein). The initiation sites are generally situated within polypyrimidine tracts flanked by regions of high G+C content. A detailed comparison of three mouse rp promoters has revealed a common architecture in which essential elements are located both upstream and downstream of the cap site (9) . In the TATA-box region of each promoter, there is a functionally critical element which contains a nuclear factor binding site. It is of considerable interest to know how these various elements contribute to rp promoter function. To this end, we have used site-specific mutagenesis-transfection protocols to evaluate the significance of the polypyrimidine initiator and the TATA-box counterpart for efficient and accurate transcription of the rpS16 gene. Our results indicate that the initiator has an important role in defining the position of the transcriptional start site and that the element in the TATA-box region primarily influences promoter efficiency. It is also evident that an uninterrupted stretch of pyrimidines in the initiator region is not necessary for efficient transcription of the rpS16 gene.
MATERIALS AND METHODS
Various rpS16 mutants were made by standard cloning procedures from a construct (c, ref. 10) that contains 179 bp of 5' flanking sequence, the entire transcribed portion of the gene, and 107 bp of 3' flanking sequence. This construct contains all of the elements needed for efficient expression of the rpS16 gene (10) (Fig. lA) . Synthetic oligonucleotides representing the -37 to -12 region or the -11 to +29 region and containing point mutations in the -30 to -24 or -4 to +8 region were substituted for the corresponding wild-type sequences in the above construct by directional cloning protocols. The mutations were confirmed by sequencing through the altered regions. The procedures for cell growth, DNA transfection, RNA analysis by S1 nuclease protection, gel-mobility-shift assays, and methylation interference analysis have been described elsewhere (9) (10) (11) . For the methylation interference analysis, the modification and cleavage reactions were done as described by Siebenlist and Gilbert (12) so that the interference to binding by A methylation could be detected. For the S1 nuclease protection assays of rpS16 expression, 167-bp DNA probes spanning the cap sites of wild-type and mutant genes were used (Fig. 1A) . The wild-type probe yields a 68-nucleotide band when protected by a correctly initiated transcript (10 Dns of four elements (stippled ovals), the initiator segment (i), +8 (see below), the sizes of the various protected fragments e first exon (solid bar) with the position of the ATG initiator in this assay mainly reflect the extent of homology between indicated. The S1 nuclease probe and protected fragment are the CM.6 probe and the wild-type or mutant transcripts.
Latically diagrammed below. (B) Sequences of the -31 to +10
Accordingly, the fragment sizes are about 60 nucleotides for and the various substitution mutants.
the wild-type, CM.1, CM.2, CM.3, CM.4, and CM.7 constructs (+8/9 to +67 homology), 68 nucleotides for CM.6 (full that yields an 86-nucleotide fragment when protected homology), and 60 and 68 nucleotides for CM.5 (partial correctly initiated and properly spliced transcript (11). homology). These data, summarized in Table 1 , lead us to conclude that a polypyrimidine tract is not required for RESULTS efficient function of the rpS16 promoter. Nevertheless, the initiator element is clearly an important contributor to proect of Purine Substitutions in the Polypyrimidine Initiamoter function, as evidenced by the fact that it cannot o evaluate the significance of the novel polypyrimidine tolerate gross sequence changes without loss of activity. or element, we constructed a series of mutant rpS16
Assays with the individual S1 probes (Fig. 2B ) revealed in which one or more pyrimidines in the element were some differences in the position of the start site among the -ed by purines (Fig. 1B) . This series included single various constructs. For the most part, these sites were within tutions upstream of, downstream of, and directly at the a few base pairs of the normal cap site. However, in the case ite (CM.1, CM.2, and CM.3, respectively), a triple of the more drastic mutants, CM.5 and CM.6, we could also tution that reduced the number of consecutive pyrimdetect an array of less abundant larger fragments, indicating to three or less (CM.4), more drastic mutations conthat some transcripts were being initiated 10 to 30 bp further g five and eight substitutions (CM.5 and CM.6, respecupstream. To determine the major start sites more accuand an antistrand substitution (CM.7) in which the rately, we analyzed the S1 nuclease-protected products on a polypyrimidine tract was replaced by its complemenhigh-resolution polyacrylamide gel together with a DNA )olypurine sequence. These mutant constructs were sequence ladder that spans the cap site (Fig. 3) . Previous ected into COS.7 cells and their transient expression calibration of such gels (13, 14) has shown that fragments ssayed by S1 nuclease protection analysis of cytoplasprotected by full-length mRNA migrate 2.5 to 4.5 nucleotides
NA. An intact rpL32 gene was cotransfected to control slower than the cap site nucleotide in a Maxam-Gilbert DNA nsfection efficiency and RNA yield. Each RNA sample sequence ladder, the heterogeneity being most likely due to Fig. 6 A and B. The major start site was taken to be the sequence position that is 4.5 nucleotides below the largest of the most abundant S1-resistant fragments. Minor sites were considered when the fragment corresponding to the major site was not the largest detectable fragment. In this case, the largest fragments of intermediate or lower abundance were used to position the minor sites (see dots in Fig. 3) . ND, not determined.
steric hindrance of S1 nuclease by the cap structure. This relationship is clearly illustrated in Fig. 3 by a comparison of the wild-type S1 products and a sequence ladder of the CM.3 initiator region.
When the wild-type and mutant S1 patterns were compared with regard to both size and relative abundance (intensity) of the fragments, it was evident that the position of the start site was altered in all of the mutants. It is noteworthy that even the subtle mutations CM.1 through CM.4, which have no effect on promoter efficiency, shift the start site downstream from its normal position and decrease the precision of the initiation event. Interestingly, all except one of the start sites selected by these subtle mutants correspond to pyrimidine residues, whereas for mutants CM.5 and CM.6, the residual transcription initiates at a purine (Table 1 ). These results demonstrate that even minor alterations in the initiator sequence can affect the positioning of the initiation complex, thus confirming the importance of this element for rpS16 promoter function.
Characterization of the Element in the TATA-Box Region. Previously we demonstrated that the -37 to -12 region ofthe rpS16 gene contains both an element that is essential for efficient expression and a specific binding site for a nuclear factor (10) . A subsequent methylation interference analysis indicated some weak interference within the A5 segment at -29 to -25, suggesting that this segment may be involved in the binding reaction. Since this location is frequently occupied by a TATA box in other RNA polymerase II genes, we suspected that the A5 sequence might either be a divergent motif that has retained the ability to interact with the conventional TATA-box factor, TFIID (15), or, alternatively, be part of a binding site for a factor that is a functional equivalent of TFIID.
To investigate these possibilities we constructed two mutants, A-and T+, in which the wild type -31 to -24 sequence TGAAAAAT was specifically altered (Fig. 1B) . In the Amutant this sequence was replaced by the highly dissimilar sequence TGCTCCTC and in the T+ mutant it was replaced by the canonical TATA-box sequence TATATAAT. The binding specificity of these mutants was then tested by gel-mobility shift analysis (Fig. 4) . While -37 to -12 fragments containing either the wild-type or T+ sequence were readily bound by nuclear factors (lanes 2 and 7), no binding was detected with the fragment containing the A-sequence (lane 12). This latter result confirms that the A5 segment is part of the binding site recognition sequence. Competition experiments demonstrated that the factor binding to the wild-type sequence is different from the conventional TATAbox binding factor. A 50-fold molar excess of unlabeled wild-type sequence efficiently competed for binding to the wild-type fragment but had no effect on binding to the T+ fragment (lanes 3 and 9) . Similarly, a 50-fold molar excess of unlabeled T+ sequence efficiently competed for binding to the T+ fragment but had no effect on binding to the wild-type fragment (lanes 8 and 5). As expected, excess unlabeled A- When tested by transient transcription assays, the level of expression of the T' mutant was indistinguishable from that of the wild-type gene, whereas the expression of the Amutant was an order of magnitude lower (Fig. SA) . Thus, there is good correspondence between the factor binding capability of the -31 to -24 segment and the efficiency of the rpS16 promoter. Interestingly, the wild-type A5 element and the canonical TATA box are functionally equivalent despite their different factor binding preferences. This equivalence also pertains to the accuracy of start-site selection (Fig. SB) . Indeed, the normal cap site is selected even by the inefficient A-mutant, indicating that start-site selection is not strongly influenced by interactions in the TATA-box region.
Relationship Between Initiator and TATA-Region Interactions. Further evidence for the apparent independence of interactions in the -31 to -24 region and the initiator region was provided by experiments in which we tested whether the aberrant expression of several of the CM mutants would be altered when the canonical TATA box was substituted for the wild-type A5 segment. Experiments with a set of double mutants indicated that neither the inaccurate start-site selection nor the relative efficiencies of mutants CM.2, CM.3, CM.4, and CM.6 were affected by the T' replacement (Fig.   6 , Table 1 ). High-resolution S1 analysis of these various RNAs confirmed that the cap site of each of the T' CM 
DISCUSSION
The Polypyrimidine Initiator. Our in vivo mutational analysis of the rpS16 initiator region (-4 to +8) indicates that this element plays an important role in determining the cap site position and that it can also influence the efficiency of RNA polymerase loading. Single purine substitutions at positions -2 or + 1 or +3 and a triple purine substitution at -2, +2, and +5 decreased the precision of start-site selection and displaced the site from its normal position by 1-6 bp. Although these mutations did not affect the promoter efficiency, other initiator mutants containing 6, 8, or 12 purine substitutions exhibited a 5-fold decrease in transcript yield as well as a shift in start-site position. Parallel studies of these mutants in a cell-free transcription system (S. Chung and R.P.P., unpublished results) have also indicated that the promoter efficiencies of extensive substitution mutants are lower than the efficiencies of comparable single and triple mutants. Thus, the polypyrimidine initiator sequence critically defines the position of the transcriptional initiation complex, whereas a much less specific sequence is sufficient to satisfy the efficiency requirement. Clearly, an uninterrupted pyrimidine stretch is not necessary for efficient polymerase loading of this promoter.
Two of the single substitution mutants, CM.2 and CM.3, created an initiator element that conforms to the consensus sequence YCAY,, which encompasses the adenosine cap site of several TATA-box-containing genes (16) and at least one TATA-lacking gene (7) . In these genes, the A residue within the pyrimidine cluster is invariably selected for transcriptional initiation, whereas in the CM.2 and CM.3 mutants it is avoided in favor of neighboring pyrimidine residues. This avoidance occurs irrespective of whether the rpS16 promoter is functioning with its normal A5 upstream element or with a substituted TATA box. It would appear, therefore, that different genes can utilize similar initiator sequence information in different ways, depending on the nature of interactions with other gene-specific promoter elements. Indeed, a single A --T mutation at the cap site of the adenovirus major late promoter, which converts the wild-type sequence Y4CAY9 to a polypyrimidine sequence Y4CTY9, decreases the promoter efficiency by at least 80% (4) . In other promoters, mutations in the initiator sequence usually cause some dislocation and imprecision of start site selection (2, 6, 7, 17). As we have observed for rpS16, there does not seem to be any obvious relationship between the sensitivity of these various promoters to initiator mutations and the presence or absence of a canonical TATA-box element.
The TATA-Box Counterpart. None of the mammalian rp promoters examined to date have well-defined TATA boxes in the -20 to -30 region (9, 18, 19) . The rpS16 promoter has an AAAAAT sequence at this location, which could conceivably serve as a degenerate TATA element. Yet, our present results clearly indicate that this sequence has a factor binding specificity that is distinct from that of a conventional TATA box. Since a mutation that eliminates the factor binding capacity of the A5 sequence also greatly reduces the promoter activity, we consider this element to be a functional counterpart of the TATA box. Indeed, when this element is replaced by a more typical TATA box, the promoter activity remains unchanged, although it now interacts with a different factor. We presume that this TATA-specific factor is TFIID, although additional studies with purified extract components will be required to conclusively establish its identity. In any event, our results support the idea that diverse factors binding to elements in the TATA-box region can play analogous roles in the formation of the transcriptional initiation complex (20, 21) .
Mutations that alter the factor binding specificity of the rpS16 TATA-box counterpart have no discernible influence on the positioning of the start site. For rpS16, this positioning function is primarily determined by the initiator element, as is the case for other TATA-lacking promoters that exhibit precise start site selection (6, 7) . In such promoters the TATA counterpart serves to increase promoter efficiency in essentially the same manner as other upstream regulatory elements.
Organization of the rpS16 Promoter. The present results, together with previous analyses (10) , indicate the following basic structure ofthe rpS16 promoter (Fig. lA) : (i) an initiator element that determines the position of the transcriptional start site, but which, by itself, is unable to form an effective initiation complex; (it) three additional elements, B at -83 to -59, C at -20 to -30 (TATA counterpart), and D at +9 to +29, the combined activity of which is essential for rpS16 promoter function; and (iii) an Spl element at -170 to -161, which is not essential for promoter function, but which increases promoter efficiency by about 2.5-fold. As we have noted previously (10) , this basic architecture is similar to that of other well-studied mouse rp promoters, except that the array of essential elements in rpS16 is shifted about 50 bp upstream compared to the others. In many ways, the rp promoter organization is remarkably similar to that of the simian virus 40 late promoter (6) , although the sequences of the individual modules are quite different. The great diversity of promoter design, which is becoming evident as more RNA polymerase II promoters are being carefully dissected, suggests that the requirements for building a functional initiation complex may be much more flexible than was previously appreciated.
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